Review
What have we learned from worldwide experiences on the management and treatment of hospital effluent? -An overview and a discussion on perspectives 
H I G H L I G H T S
• Different technologies for a dedicated treatment of hospital effluent are discussed.
• Photo-Fenton process seems to be a promising preliminary treatment. Membrane bioreactor is a proper secondary treatment for hospital effluent.
• AOPs showed a good removal efficiency for most classes of pharmaceuticals.
• UV irradiation is a promising technology in the removal of X-ray contrast media.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
In recent years, hospital effluent has been the object of study and research in various countries throughout the world facing different issues. The specific driving and inspiring force has been to improve the knowledge of the chemical and physical characterization of such wastewater for conventional parameters, namely BOD 5 , COD, TSS, N and P compounds, pH and T (Sarafraz et al., 2007; Verlicchi et al., 2012a) ; the microbiological load of hospital effluent and also the risk of the spread of antibiotic resistant bacteria (Boillot et al., 2008; Chitnis et al., 2004) ; differences in composition between hospital effluent and urban wastewater (UWW) (Verlicchi et al., 2010) ; seasonal variation of hospital effluent compositions (Verlicchi et al., 2012a (Verlicchi et al., , 2012c ; strategies in their management (co-treatment or dedicated treatment with UWW) Verlicchi et al., 2010) ; evaluation of the adequacy of adopted treatment strategies with respect to the removal of specific contaminants (Mesdaghinia et al., 2009; Beier et al., 2010) ; technical and economic feasibility of dedicated treatment trains for hospital wastewater (HWW) (PILLS Report, 2012) ; and contribution of hospital effluent to the influent of a municipal wastewater treatment plant (WWTP) (Verlicchi et al., 2012a; Santos et al., 2013 ).
On occasion, the occurrence of disease outbreaks due to pathogens occurring in sewage, such as SARS (severe acute respiratory syndrome) in China in 2003, has led scientists to develop specific research projects to identify safety measures to rapidly adopt in existing WWTPs, in particular in plants receiving hospital effluent, not only to deal with the current emergency, but also to prevent further ones (Wang et al., 2005) .
Quite rarely, national (or regional) legal regulations have been established to define how to manage and treat hospital effluent before its disposal (discharge in public sewage for treatment at a municipal WWTP or discharge into a surface water body) (Boillot et al., 2008; Verlicchi et al., 2010) . Indeed, hospital effluent was and (still) is generally considered of the same pollutant nature as UWW and thus it is commonly discharged in public sewage systems, conveyed to an urban WWTP where it is subjected to conventional treatment, often consisting in primary clarification, activated sludge process and sometimes disinfection. This practice is very common although recent studies (Verlicchi et al., 2010; Santos et al., 2013; McArdell et al., 2011) highlighted that higher concentrations of pharmaceuticals (PhCs), disinfectants and X-ray contrast media occur in hospital effluent as well as a microbiological load exhibiting a higher resistance to treatment (Chitnis et al., 2004) .
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Municipal WWTPs were conceived and, in some cases, recently upgraded to guarantee a high removal efficiency of carbon, nitrogen and phosphorus compounds, as well as microorganisms (mainly bacteria): pollutants regularly arriving with and occurring in the WWTP influent at concentrations in the order of units (P compounds), tens (NH 4 , TKN) and hundreds (COD, BOD 5 ) of mg/L and thousands of MPN/100 mL (Escherichia coli).
Commonly adopted treatments at municipal WWTPs include: preliminary treatments, (sometimes) primary clarification, secondary biological (usually consisting in a conventional activated sludge -CAS -process), and polishing treatments (chemical disinfection or sometimes rapid filtration followed by UV disinfection). Unfortunately, these WWTPs are not adequate enough to reach high removal efficiencies for the wide spectrum of micropollutants (PhCs, adsorbable organic compounds commonly known with the acronym AOXs) commonly present in hospital effluent. They are also among the main sources of antibiotic release into the environment and thus they may promote the selection of antibiotic resistant genes (ARG) and antibiotic resistant bacteria (ARB), as deeply investigated in Rizzo et al. (2013) . Moreover, in some circumstances, conventional treatments have been adopted for HWW, but they are not well managed and very low efficiencies are achieved even for common parameters, namely BOD 5 , COD, TSS and total coliform (Mesdaghinia et al., 2009 ). Sometimes, a simple primary treatment is adopted for hospital effluent (primary clarification, prechlorination) but it is not efficient (Martins et al., 2008) .
In other cases, no treatment is adopted at all and direct discharge of raw HWW into surface rivers is a common practice (Liu et al., 2010) .
The main focus of this study is to present and discuss lessons learned from previous investigations and studies carried out on dedicated treatment of HWW in the different countries worldwide. It offers a critical analysis of data collected from lab, pilot and full scale treatment plants acting as primary, secondary and tertiary steps. Attention is paid to the removal efficiencies observed for contaminants, including conventional parameters but in particular emerging ones: mainly PhCs, detergents and disinfectants. The analysis also compares the assessment of investment and operational costs for each applied technology.
Object and framework of the survey
This study is based on 48 publications regarding investigations into the dedicated treatment of hospital effluent in lab, pilot and full scale plants acting as primary, secondary and tertiary steps. They were carried out in 24 different countries all over the world between 1995 and 2015. Collected data that are presented and discussed herein mainly refer to observed removal efficiencies for 108 PhCs belonging to 17 different classes: analgesics and anti-inflammatories (20), anaesthetics (1), anthelmintics (5), antibiotics (23), antifungals (1), antihypertensives (6), antineoplastics (6), antiseptics (1), antivirals (5), beta-blockers (6), contrast media (9), fragrances (3), hormones (4), lipid regulators (4), psychiatric drugs (12), receptor antagonists (1) and stimulants (1). Table SD -2 in the Supplementary data compiles all the selected compounds grouped according to their class. Moreover, conventional pollutants (BOD 5 , COD, SS, N and P compounds, microorganisms…) are also reported and discussed.
In discussing removal efficiencies of selected PhCs observed for the different treatment technologies and steps, particular attention is paid to the potential capacity of each technology in retaining/degrading specific compounds and, when possible, to the operational conditions which could maximize them. Data are presented in graphs in the manuscript and further details are provided in tables in the Supplementary data.
All removal values reported and discussed (in the following graphs and tables) must be considered with the necessary caution, bearing in mind their origin and that they may be affected by many factors, namely:
• influent characteristics (macro-and micro-pollutant concentrations), • operational conditions (sludge concentration, sludge retention time (SRT), hydraulic retention time (HRT), pH, temperature (T), feeding 
Investigation carried out at a hospital in Waldbrol (Germany) to assess the performance of a full-scale wastewater treatment plant equipped with a MBR and to evaluate the characteristics of the activated sludge. For design and operational parameters see Beier et al. (2011) .
Evaluation of MBR as a dedicated treatment of HWWs to reduce the environmental input of chemical and microbiological parameters in the environment Conventional parameters: COD, TOC, AOX, NH 4 , total P, E. coli and enterococci Berto et al. (2009) Investigation carried out at a hospital in Brazil to evaluate the effectiveness of "advanced" pretreatments consisting in a biological (full-scale septic tank, 45 m
) and a chemical stage (lab-scale Fenton reactor) to remove organic matter and pathogenic microbiota from HWW.
Adequate advanced (pre)treatments for hospital effluents to reduce their environmental impact Conventional parameters: COD, BOD 5 , P and N compounds, suspended solids, total coliform and thermotolerant coliforms Beyene and Redaie (2011) Investigation carried out at Hawassa University Referral Hospital (Ethiopia) to examine the suitability of a series of (full scale) ponds for the treatment of HWW. The treatment train consists of two facultative ponds (each of them: surface area 667 m Evaluation of the risk posed by HWWs in terms of conventional pollutants and a proposal to upgrade existing WWTP in order to reduce it.
Conventional parameters: COD, BOD 5 , P, PO 4 , total Nitrogen, NH 3 , NO 3 , NO 2 TSS, TDS, Cl, S 2 , total coliforms and faecal coliforms 
Toxicity evaluation after prechlorination (NaClO addition) of the effluent from the infectious and tropical disease department at the hospital in Lyon, France.
Toxicity evaluation due to prechlorination Conventional parameters: COD, TOC, AOX, chlorides Gautam et al. (2007) Investigation carried out at the hospital located in Vellore, Tamil Nadu (India), by means of a lab-scale plant consisting of coagulation (by adding FeCl 3 up to 300 mg/L), rapid filtration and disinfection (by adding a bleaching powder solution) steps.
Options for hospital effluent pretreatment before discharge in public sewage
Conventional parameters: COD, BOD 5 , SS and P Biobooster (2012) Report from an on-going project in Denmark to evaluate the best available technologies (BATs) for the separated treatment of hospital effluent. Two sequences are being tested: MBR followed by O 3 , GAC and/or H 2 O 2 and UV, MBR followed by GAC and UV.
Grundfos
Evaluation of the BAT for hospital treatment . Kajitvichyanukul and Suntronvipart (2006) Investigation carried out in Bangkok, Thailand, on the pretreament of hospital effluent by using a lab-scale photo-Fenton process.
Improvement in biodegradability of hospital effluent by using the photo-Fenton process as a pretreatment Removal of typical pollutants in hospital effluent (disinfectants, pathogens and antibiotic resistant bacteria) by advanced treatments 56 PhCs Lenz et al. (2007a) Investigation carried out at a hospital in Vienna (Austria), by means of a pilot MBR (150 L) installed and fed with oncologic in-patient treatment ward effluent. Ultrafiltration membranes (nominal cut-off of 100 kDa) were used.
Risk of cancerostatic platinum compounds to humans
Cancerostatic platinum compounds Lenz et al. (2007b) Investigation carried out at the oncological ward in a hospital in Vienna (Austria), by means of a pilot MBR (see Lenz et al. (2007a) ) followed by granular activated carbon (GAC) and UV. Biomass concentration was 12-15 g/L, the average hydraulic load 260 L/d
Environmental risk of cytostatic Cancerostatic platinum compounds.
(continued on next page) 
Investigation carried out in Brazil into the pretreatment of hospital effluent by using a septic tank and an anaerobic filter. Analysis was referred to occurrence, removal of ciprofloxacin and the resulting risk due to its residue in the treated effluent.
Evaluation of the adequateness of specific pretreatment in Brazil
Report including all the details of the investigations described in Kovalova et al. (2012 Kovalova et al. ( , 2013 Kovalova et al. (2012 Kovalova et al. ( , 2013 , Kohler et al. (2011) and McArdell et al. (2011) . Prado et al. (2011) Investigation carried out in Brazil involving detection of some enteric viruses and hepatitis A in hospital effluent and in the effluent from two different full scale treatment plants. The removal efficiencies observed in the two sequences: upflow anaerobic sludge blanket (UASB) + three serial anaerobic filters and CAS system followed by a chlorination tank were investigated and compared. 
Investigation carried out at an Italian hospital by means of a pilot-scale MBR equipped with UF membranes.
Hospitals are the main source of PhCs. Guidelines for a full scale plant for hospital effluent Monitored parameters were COD, BOD 5 , SS, NH 4 , total P and Escherchia coli
Investigation carried out at Haidian community hospital (China), where a full-scale submerged hollow fibre MBR was installed.
Efficiency and operation stability of MBR equipped with microfiltration membranes in treating HWWs
Monitored pollutants were COD, BOD 5 , NH 4 , turbidity and Escherchia coli
Investigation carried out in Brazil into the degradation of a mixture of beta-blockers in hospital effluent by ozonation and Fenton reaction.
Optimization of the operational condition in the degradation of a mixture of PhCs in hospital effluent Atenolol, propranolol and metoprolol mode, dosage of ozone, H 2 O 2 , UV irradiation, catalyst type and contact time), • reactor types (conventional activated sludge system or membrane bioreactor (MBR); compartmentalization), • environmental conditions (temperature, irradiation), and • water sampling mode and frequency.
Before discussing the main results derived from these studies, a snapshot of the main chemical, physical and microbiological characteristics of HWW is provided in Table 1 . References are also provided for each compiled parameter or class of compounds of PhCs.
To ease the reading of the manuscript, a brief presentation of each investigation is reported in Table 2 and the list of all the investigated treatment trains is provided in Table 3 with the corresponding references. Table 2 reports the main characteristics of the studies included in this review referring to the dedicated treatment of hospital effluent and the rationale behind each one.
Technologies and treatment trains for HWW under review
A rapid glance at Table 2 points out that hospital effluent was subjected to different treatment levels: just a preliminary/primary (potential or actual) dedicated treatment before its co-treatment with UWW at a municipal WWTP, sometimes conventional secondary biological treatments (CAS) or modified CAS processes that are systems combining attached and suspended biomass, but also MBRs, and advanced oxidation processes (AOPs). In some countries AOPs were investigated as preliminary-primary treatments in order to enhance biodegradation in the stream.
In order to help in the reading of this review, Table 3 lists all the types of investigated technologies and treatment trains with the corresponding references. Their distribution in the different countries in the world can be found in the graphical abstract, as well as on a larger scale in Fig Most of the investigations referred to pilot/lab scale plants (69%) and the remaining 31% to full scale dedicated facilities (see Table SD -1 in the Supplementary data). The latter include the following treatment trains: septic tank followed by an anaerobic filter (Brazil, de Almeida et al., 2013; Martins et al., 2008) ; UASB + anaerobic filters (Brazil, Prado et al., 2011) ; series of maturation and facultative ponds (Ethiopia, Beyene and Redaie, 2011) ; septic tank + constructed wetlands (H-SSF + V-SSF beds) (Nepal, Shrestha et al., 2001) ; MBR (in Germany, Beier et al., 2011 Beier et al., , 2012 in China: Liu et al., 2010; Wen et al., 2004) ; CAS + chlorination (in Greece, Kosma et al., 2010; in Brazil, Prado et al., 2011; in Iran, Mahvi et al., 2009) Moreover, 53% of the studies were carried out in European countries (Austria, Belgium, Denmark, France, Germany, Greece, Italy, Luxembourg, Netherlands, Switzerland and Turkey), 27% in Asiatic countries (China, India, Indonesia, Iran, Iraq, Nepal, Republic of Korea, Thailand and Taiwan), 16% in South America (Brazil) and 4% in Africa (Egypt and Ethiopia). PhCs were detected and removal efficiencies were evaluated in 60% of the studies included, whereas the remaining ones only refer to conventional parameters. All the studies developed in Europe investigated PhCs with the only exception of Nardi et al. (1995) (referring to prechlorination of raw hospital effluent), and Arslan et al. (2014) regarding AOPs applied on a raw HWW. It is worth noting that often in Asian countries, the main reason for investigating hospital effluent treatment is the need to guarantee "safe" treatment for this kind of wastewater and to evaluate the possibility of directly reusing the treated effluent due to water scarcity for various requirements, in particular for irrigation (Al-Hashimia et al., 2013) . As discussed below, although it is highly appreciable that this problem has been tackled, their common conclusion, based on an analysis of conventional contaminants whereby a secondary biological treatment followed by chlorination may be considered adequate treatment even in case of direct reuse, is not backed up by comprehensive research into micropollutants or ecotoxicology.
In European countries, the main reason for research is generally an awareness of the potential risk posed by the occurrence of PhC residues in secondary effluent and the need to reduce the PhC load discharged into the environment via WWTP effluent. There is a lively debate on the need to adopt dedicated and proper treatments for hospital effluents (Ort et al., 2010; Verlicchi et al., 2012a; Santos et al., 2013) based on the evaluation of the contribution of the health care structure and the corresponding catchment area in the discharge of PhCs.
Results and discussion
The following sections present and discuss collected data on the removal efficiencies of selected PhCs as well as conventional parameters from HWW by different systems acting as primary, secondary and tertiary steps. A specific section is devoted to the removal ability of microorganisms observed in the different technologies and on measures suggested to reduce the spread of pathogens and also of antibiotic resistant bacteria. Supplementary data provides a brief overview on the main reactions taking place during AOPs and might help in reading the following discussion.
Preliminary and primary treatments -pharmaceutical removal
Preliminary treatments are generally adopted and tested with the aim of removing rough and coarse material from raw wastewater, thus protecting mechanical and electrical parts in the downstream treatment steps. Specific treatments have also been tested in lab and pilot plants to reduce the toxicity of chemical mixtures occurring in hospital effluent and to enhance biodegradability (namely to increase the BOD 5 /COD ratio) and to improve downstream biological processes.
Coagulation-flocculation and flotation are processes that satisfy the first objective as they promote the removal of suspended solids and colloids from wastewater which do not settle spontaneously (Gautam et al., 2007; Suarez et al., 2009) , whereas ozonation (Chiang et al., 2003) and AOPs (Kajitvichyanukul and Suntronvipart, 2006) satisfy the second objective.
COD removal was found greater than 70% when 200 mg/L of ferric chloride was added to raw hospital effluent and removal increased to over 98% if the coagulant was added to settled HWW. A following step of disinfection by calcium hydrochloride not only reduces microorganisms, but also COD. It was found that with a contact time of 30 min, the Ca(ClO) 2 break point dose is 20 mg/L (Gautam et al., 2007) .
A few studies have been carried out on the effectiveness of coagulation, flocculation and flotation in removing PhCs from hospital effluent (Suarez et al., 2009; Martins et al., 2008) . Fig. 1 shows the main results when common coagulants Al 2 (SO 4 ) 3 and FeCl 3 at a dosage of 25 mg/L are added to the raw wastewater, with and without flotation. These processes are not particularly efficient in removing PhCs, confirming the considerations reported in Verlicchi et al. (2012b) . In fact, only diclofenac and some fragrances are removed by more than 60%. Fig. 1 also reports the somewhat modest removal efficiency (17%) observed for ciprofloxacin using a septic tank followed by an anaerobic filter fed with raw effluent from a hospital in Brazil (Martins et al., 2008) .
Attempts to improve COD removal and increase biodegradability in raw hospital effluent were made by applying ozonation, O 3 /UV and O 3 /UV/H 2 O 2 as a pretreatment (Arslan et al., 2014) . Based on lab scale tests on effluent from a diagnostic centre, nuclear medicine, oncology, radiology and medical genetics departments, it was found that the highest COD removal (47.5%) was obtained in a system O 3 /UV/H 2 O 2 operating at pH 6.0, O 3 concentration 10 mg/L, monochromatic UV lamp (254 nm) and dosage of H 2 O 2 1.8 mL within 60 min. As for absorbance removal, the best AOP is O 3 /UV: in fact the addition of H 2 O 2 led to a scavenger effect on hydroxyl radicals resulting in a lower removal efficiency (see Supplementary data for more details).
The results achieved from the ozonation of effluent from a kidney dialysis unit are quite interesting: at a dose of 25 mg/L of ozone and a contact time of 20 min, COD was reduced from 132 mg/L to 97 mg/L and the ratio BOD 5 /COD increased from 0.15 to 0.26 confirming a consistent increment in the biodegradability of the stream (Chiang et al., 2003) . Another option to improve biodegradability is achieved using photoFenton processes (see Supplementary data for the main reactions involved). It was found that in hospital effluent of average pollutant strength (COD 1350-2250 mg/L, BOD 5 /COD 0.30) with a dosage ratio COD:H 2 O 2 :Fe +2 equal to 1:4:0.1, a reaction pH of 3 and a reaction time of 2 h, the removal efficiencies for BOD 5 , COD and TOC were: 61%, 77% and 52% and the BOD 5 /COD ratio increased from 0.30 to 0.52. It was also found that for higher COD values, optimum reaction conditions have to be tested to guarantee good mineralization of organic compounds and to enhance biodegradability (Kajitvichyanukul and Suntronvipart, 2006) . The increased biodegradability of the wastewater was also confirmed by batch experiments on raw and pretreated effluent subjected to a biological process using activated sludge. It was found that in the case of pretreated wastewater, the removal of COD amounted to 90% after a 72 h treatment time, whereas it was only 30% in the case of raw hospital effluent (Kajitvichyanukul and Suntronvipart, 2006) . A Fenton process may also act as a disinfectant step: in fact it greatly removes total coliforms and thermotolerant coliforms as documented by Berto et al. (2009) . The cases of complete removal observed in their investigation were ascribed to acidic conditions and the occurrence of hydroxyl radicals. Low pH values would cause bacteria death and HO• would assure DNA denaturation.
These studies led to suggest ozonation, Fenton as well as photoFenton processes as suitable solutions for the preliminary treatment of hospital wastewater from a technical viewpoint. An economic analysis would be necessary to assess investment, operational and maintenance costs. Moreover, the adequateness of adopting these advanced technologies as "pretreatment" also needs to be confirmed from a toxicological view point, but unfortunately, there is no available research to investigate.
Secondary treatments -pharmaceutical removal
Most of the studies investigated the capacity of MBRs as a biological stage for the treatment of HWW. Other systems analyzed include: CAS systems in Iran (Mahvi et al., 2009) , Greece (Kosma et al., 2010) , Egypt (Abd El-Gawad and Aly, 2011) and Belgium , an anaerobic-aerobic fixed film bioreactor in Iran (Rezaee et al., 2005) , an aerated fixed film biofilter in Indonesia (Prayitno et al., 2014) , a moving bed biofilm reactor in Denmark (Andersen et al., 2014) , ultrafiltration membranes coupled with a modified CAS reactor by the addition of biofilm supports in France (Mousaab et al., 2015) , maturation and polishing ponds in Ethiopia (Beyene and Redaie, 2011) , horizontal and vertical subsurface flow systems in Nepal (Shrestha et al., 2001) , and a fungal bioreactor in Spain (CruzMorato et al., 2014) . In the first part of this section MBRs and CAS are critically analyzed and compared, the remaining systems are analyzed and compared in the second part.
MBR
Lessons learned from the reviewed studies, carried out all over the world, regarding the efficacy of MBRs applied to UWW in the removal of macro-and micro-pollutants (Verlicchi et al., 2012b) are certainly useful in an analysis of the performance of an MBR fed with hospital effluent. As regards this type of wastewater, special attention must be paid to evaluate the potential inhibition effect on the biological activities of PhCs, heavy metals, disinfectants, detergents that occur at higher concentrations in HWW rather than UWW thus, the risk that they could negatively affect the degradation processes of micro contaminants has to be assessed.
In the studies included herein, hospital effluent is generally subjected to a coarse screening (2 mm), sometimes through a fine screen or a sieve (0.5-1 mm), whereas a primary clarifier is only rarely adopted (HRT 2-10 h). Adequate pretreatments are extremely useful in guaranteeing continuous operation of MBRs. As reported in the investigation by Verlicchi et al. (2008) , the raw HWW may contain rags, filaments, pieces of cardboard that can adversely interfere with moving parts within the WWTPs or clog membranes and thus they have to be efficiently removed at the start of the treatment train. This is in agreement with suggestions by Gabarron et al. (2013) which investigated different pretreatment processes to find the most adequate technology that would consistently contribute in minimizing the ragging impact over MBR performance.
A storage/equalization tank before an MBR guarantees homogeneous feeding avoids damage to the membrane units and may also promote sorption removal mechanisms due to the contact between solid particles and micropollutants. This is the case of cancerogenic platinum compounds (CPCs), such as cisplatin, that show a high affinity for suspended solids (Lenz et al., 2007a) . In this study, the feed from the oncological ward was first collected in a tank (24 h residence time), then processed through a sieve (1 m, to separate suspended solids from the liquid phase) and finally sent to an MBR treatment. The CPC concentration was significantly reduced after passing through the sieve and the membranes due to particle and biomass sorption onto the surface.
A biological reactor usually consists in an anoxic/oxic compartments to promote complete nitrification and denitrification. P removal, when necessary, is achieved by a co-precipitation with FeCl 2 . Biomass concentration in the aerated compartment varied between 2 and 20 g/L, the sludge retention time ranged between 20 and 100 d with the only exception of an MBR operating in parallel with a CAS system whose SRTs were 12-15 d in each . Ultrafiltration membranes (tubular or flat sheet, 0.03-0.06 μm) were more frequently investigated (Nielsen et al., 2013; Lenz et al., 2007a ; PILLS Report, 2012 -at the Swiss, German and Dutch units within the project) than microfiltration membranes (sheet, 0.4 μm; Beier et al., 2011 ; Luxembourg unit within the PILLS project -PILLS Report, 2012). Submerged membrane modules integrated in the bioreactor were the most commonly adopted configuration; side stream modules were equipped only in the Dutch unit within the PILLS project and in the Austrian investigation where the MBR was fed by the oncological ward effluent (Lenz et al., 2007a) .
A rapid glance at the macro-pollutant removal observed in the different MBRs shows that notably high values were found (94% for DOC, 99% for COD, 93-99% for NH 4 + , around 85% for nitrates) resulting in a high quality permeate, with reduced variability intervals for the different pollutants: DOC 6-11 mg/L, COD 20-30 mg/L and total N 3-17 mg/L with a few exceptions Wen et al., 2004) .
Good biological activity was in general guaranteed and maintained throughout each observation period in the different investigations. Chemical or physical parameter shocks could occasionally occur resulting in disturbances at the biological reactors and, from a macroscopic point of view, reduced removal of macro-pollutants, namely COD, SS and N compounds, from a microscopic point of view changes, modification or disintegration of the activated sludge flocks McArdell et al., 2011) .
In this context, quaternary ammonia disinfectants are potential critical parameters, as their consumption may greatly vary from one hospital to another as remarked by Kovalova et al. (2012) . As for the common quaternary ammonia disinfectant BAC C12, tolerable concentrations may reach up to 150 μg/L without inducing negative effects on the biomass (Kovalova et al., 2012; McArdell et al., 2011) .
Moreover, hospital laundrette effluent represents a hotspot for certain pollutants (Kist et al., 2008) . A sudden increase in formic acid concentrations may occur as reported by , leading to a pH shock (2.5) in the bioreactor. This results in a process performance decrease due to the disintegration of the sludge and consequently in a dramatic decrease in COD removal.
Figs. 2 and 3 report all collected data on removal of PhCs in hospital effluent by an MBR operating at different SRT values.
As underlined by different studies (Clara et al., 2005; Verlicchi et al., 2012a Verlicchi et al., , 2012b Monteiro and Boxall, 2010) , SRT greatly affects the removal performance of many PhCs. Long SRT values promote adaptation of different kinds of microorganisms and the presence of slower growing species which could have a greater capacity for removing more recalcitrant compounds while simultaneously improving suspended solid separation (Kreuzinger et al., 2004 Modest removal efficiencies (b50%) were observed for metoprolol, iopamidol, carbamazepine, gabapentin and ritalinic acid.
Unfortunately, removal efficiency was always scarce (b25%) for various PhCs, namely: indomethacin, phenazone, roxithromycin, D617 (Ndealkylverapamil, a metabolite of Verapamil), cyclophosphamide, oseltamivir carboxylate, propranolol, sotalol, iodixanol, iohexol, iomeprol, ioversol and oxazepam.
The antineoplastic agents included in the CPC group show a higher removal efficiency with respect to cyclophosphamide, due to their higher affinity to sorbing onto particles and activated sludge flocks within the MBR (Lenz et al., 2007a,b) .
Releases sometimes occur for diclofenac, phenazone, ciprofloxacin, clarithromycin, sulfadiazine, sulfamethoxazole, propranolol, iopamidol and carbamazepine, probably due to deconjugation during biological treatment (Kovalova et al., 2012; Nielsen et al., 2013) . These are not reported in the graph in Figs. 2 and 3. An in-depth discussion of the potential release of many PhCs is reported in Verlicchi et al. (2012b) as well as in Monteiro and Boxall (2010) .
Based on the Swiss research carried out within the PILLS project involving 56 compounds of different therapeutic classes, it emerged that an MBR (SRT equal to 30-50 d) is able to remove up to 90% of pharmaceuticals and metabolite load (X-ray contrast media excluded), although removal of some of the selected compounds was very poor (in particular, clindamycin, diclofenac and furosemide). Only 2% of the influent contrast media load was removed in the investigated MBR.
An MBR is not a satisfactory treatment process for the removal of AOX: in the permeate, AOXs occur in the range of 0.56-0.85 mg/L (Beier et al., 2011; McArdell et al., 2011) and further advanced treatment is necessary to reduce their content in the final effluent (Machado et al., 2007) .
The absence of suspended solids in the MBR effluent represents a strength as it is the most important condition required by many advanced technologies in the removal of trace contaminants, as suspended solids may negatively interfere with the removal performance of said technologies.
An MBR appears to be an adequate secondary treatment for hospital effluent as it produces very good quality and stable effluent throughout the running time, and is thus suitable for advanced technologies (Venditti et al., 2011; Beier et al., 2011) , including NF/RO and AOPs. Full scale MBRs have been adopted for the treatment of HWW in Italy (Verlicchi et al., 2010) , Germany (PILLS Report, 2012) and China (Liu et al., 2010) .
CAS
Only two research projects were found dealing with the removal of PhCs from hospital effluent involving "dedicated" CAS systems: one lab scale and one full scale (Kosma et al., 2010) . Pretreatment was only reported in the second case, consisting in a grit removal and mixing tank. Biological reactors had anoxic/aerobic compartments in the first case and only aerobic in the second. In the research by Kosma et al., 2010 removal efficiencies were provided for PhCs after CAS (HRT 6 h) + chlorination.
Only 10 PhCs were monitored in these dedicated CAS systems. High removal efficiencies were observed for ibuprofen (92%), salicylic acid (79%) and caffeine (75%), naproxen, gemfibrozil, paracetamol and ethynyl estradiol (EE2) were moderately removed (67%, 63%, 61% and 43% respectively), whereas scant removal was found for carbamazepine and phenazone (30% and 13% respectively). A modest release (−17%) was observed for diclofenac.
Comparison between CAS and MBR
In the research by , CAS and an MBR were operating in parallel, fed with the same hospital effluent (spiked with EE2 up to 1 mg/L). With respect to the MBR, the CAS system exhibited a slower start up and was more prone to bulking. Moreover, COD removal was worse in the CAS system (88% in CAS vs. 93% in an MBR) as was the removal of various bacterial groups: total coliforms, faecal coliforms and total anaerobic bacteria (about 2 log units less) and total aerobic bacteria (1.4 log units less). No differences were found in the removal of EE2 between CAS and MBR.
The higher removal efficiencies observed for some bacterial groups in the MBR permeate are due to membrane retention. Their occurrence in the MBR effluent may instead be explained by unavoidable bacteria regrowth from the effluent vessel into the permeate collecting tube and also by the absence of proper membrane cleaning while the system was running, as disinfection was not applied .
Lessons learned from previous studies on removal of PhCs by means of CAS and an MBR fed with UWW (Verlicchi et al., 2012a,b) highlighted that in the MBR, the combination of higher biomass concentration in the aerated basin, development of different bacterial species within the biomass, smaller sludge flocks that may enhance sorption on the surface of different contaminants, higher SRTs and higher removal of suspended solids, greatly contributes to the removal of PhCs from the stream. Moreover, as discussed below, passage through ultrafiltration membranes guarantees disinfection of the wastewater, thus reducing the risk of spread of pathogenic bacteria and of multi-drug resistant bacteria.
MBR upgrade
Recently, an upgrade of the MBR system was researched by Mousaab et al. (2015) with the aim of improving PhC removal efficiencies and membrane function. The system consisted in an activated sludge basin coupled with an external ultrafiltration membrane module (0.2 μm), operating at a SRT 20 d, HRT 22 h, T 18-20°C and pH 6.8-7.9. In the first 75 d, it worked under "usual" conditions. Then, HDPE support media were added to the biological reactor (specific area: 600 m 2 /m 3 ; diameter: 12.2 mm; length: 12 mm, density: 0.95-0.98 kg/m 3 ) promoting the development of a hybrid (attached and suspended) biomass and a longer SRT of fixed organisms. In the modified bioreactor, higher removal efficiencies were observed for soluble COD (91.8% vs. 86.9%), TSS (100% vs. 99.6%) and VSS (93.2% vs. 87.9%) and removal efficiencies greater than 95% for codeine, pravastatin, ketoprofen, diclofenac, roxithromycin, gemfibrozil and iohexol, whereas in the unmodified MBR their removal was either absent or very low. The presence of biofilm supports also enhanced particle sorption and improved effluent quality, thus offering better protection of the membranes against fouling and reducing cleaning operations.
Enhanced removal of P compounds from hospital effluent could be obtained by sequencing anoxic/anaerobic MBRs. Al-Hashimia et al. (2013) found that the optimal phase for this type of system is operating with an internal recycling mode of 2 h anoxic followed by 2 h anaerobic. These conditions provide an optimal simultaneous removal efficiency of 93% for N compounds and 83% for P compounds (expressed as P-PO 4 − ).
Other investigated biological systems
In Nepal, in 1997 a dedicated treatment plant was built for hospital effluent. It consists of a three chambered septic tank (16. , 1 m deep, filled with clean sand) as a secondary step. Very good removal efficiencies were observed for TSS and BOD 5 (97-99%), COD (94-97%), N-NH 4 (80-99%), total coliform (99.87-99.999%), E. coli (99.98-99.999%) and Streptococcus (99.3-99.99%) (Shrestha et al., 2001) .
In Ethiopia, a series of waste stabilisation ponds (2 facultative ponds, 2 maturation ponds and 1 fish pond covering an area of about 3000 m 2 with a total retention time of 43 d) was found to be reasonably efficient in the removal of BOD 5 , COD, sulphide, suspended solids and N compounds from hospital effluent (Beyene and Redaie, 2011) . Despite the satisfactory removal of total and faecal coliforms (99.7 and 99.4% respectively), their final concentrations do not fulfil WHO recommendations for restricted and unrestricted irrigation. Options to improve the quality of the final effluent were considered: for instance adoption of (i) constructed wetlands; (ii) two successive lagoons followed by infiltration into the land; (iii) MBR advanced oxidation treatment to better remove all the parameters as well as pharmaceuticals; and (iv) photoFenton process to reduce toxicity. Only the first option was considered feasible, whereas the second could lead to groundwater contamination and the applicability of the remaining options was found difficult in terms of cost, installation, operation and maintenance.
In Iran, hospital effluents are generally discharged into a public sewage system and then co-treated with urban effluents. Usually they are subjected to a secondary treatment; disinfection is mandatory in case of disease outbreaks and in critical periods (in the summer and autumn due to reduced river water flow) (Mahvi et al., 2009 ). The most common malfunctions are due to operator inexperience at the WWTP and negligent WWTP management by the authorities. Investigations were carried out on pilot plants with the aim of evaluating (i) proper pretreatment of hospital effluent before discharge into a public sewage system followed by co-treatment (Rezaee et al., 2005) and (ii) a (co)-treatment train able to respect Iranian legal requirements for physical, chemical and microbiological parameters for direct discharge into the surface body, disposal to wells and reuse in agriculture (Azar et al., 2010) . These investigations found that an integrated anaerobic/aerobic fixed film bioreactor can greatly remove organic and nitrogen compounds from raw hospital wastewater and when followed by cotreatment consisting in primary treatment, an aerobic/anaerobic activated sludge reactor fulfils the legal requirements for conventional parameters. These conclusions however do not consider any kind of more recalcitrant compounds (pharmaceuticals, contrast agents, disinfectants) whose removal is poor in the investigated biological systems.
Another treatment train was investigated in Indonesia consisting in an aerated fixed film biofilter followed by an ozone reactor. Satisfactory removal efficiencies were observed for BOD 5 (97.5%), faecal coliform (99.23%), Pb and phenol (100%), but there was no chemical analysis involving pharmaceuticals, disinfectants or detergents (Prayitno et al., 2014) .
As for preliminary treatments, in addition to what has already been reported in Section 4.1, chemical flocculation followed by a CAS process represents an efficient barrier for anthelmintic drugs (albendazole and flubendazole) considering that overall removal is in the range of 67-75% (Sim et al., 2013) .
Modifications to biological reactors to enhance micropollutant removal have undergone in-depth analysis during the last years. This is the case of Andersen et al. (2014) where on a pilot scale, the combination of a moving bed biofilm reactor followed by an ozonation stage was investigated. A biological system was developed (called a staged MBBR) to attempt to improve the creation of fixed biofilms where slow-growing bacteria would stand a better chance of development (these bacteria are very efficient in removing pharmaceuticals) compared to biomass developed in CAS systems. Higher removal efficiencies were observed for ketoprofen and gemfibrozil and occasionally for diclofenac and clofibric acid.
Interesting and promising results were observed for many PhCs in a batch fluidized bed bioreactor under sterile and non-sterile conditions with Trametes versicolor pellets (Cruz-Morato et al., 2014) fed with hospital effluent, operating at pH 4.5, T 25°C, 1.4 g dry weight biomass per litre and with a continuous addition of glucose and ammonium tartrate as a nutrient source for the biomass. Sterile conditions showed that T. versicolor is responsible for the removal of the detected compounds. Very good removal efficiencies were observed for analgesics and antiinflammatory drugs after 1 d and complete removal of most was observed after 8 d, with the only exception of salicylic acid and dexamethasone. Although antibiotics were partially removed and required longer times (5 d against 1 d for analgesics), the fungal treatment achieved better results than conventional activated sludge (CAS) processes (Verlicchi et al., 2012a,b) for the most part. This is the case of ciprofloxacin (69% and 99% in sterile and non-sterile conditions respectively, vs. 58-78% in CAS) and clarithromycin (80% in non-sterile conditions vs. 46-62% in CAS). Higher removal efficiencies were also observed for the anti-hypertensives: valsartan (90 and 95% after 8 d in sterile and non-sterile conditions), irbesartan (73 and 98% in sterile and nonsterile conditions) and diuretic furosemide (100% and 80% in sterile and non-sterile conditions vs. 33-54% in CAS). As for diclofenac, complete removal was observed. This is an important result as it is one of the most persistent compounds in CAS and also a potential candidate for regulation by European legislation. On the other hand, a disadvantage of this process is that after treatment, pH neutralization is necessary as secretion of organic acids by the fungus lowers the overall pH.
As concerns the investigations carried out in Iran, Iraq and Indonesia, it is important to underline that final effluent from treatment trains including CAS or ponds generally should not be directly reused for irrigation purposes due to the occurrence of residues of PhCs and other emerging contaminants. AOPs should be included in the treatment trains and in any case, further research into the ecotoxicological characteristics of the final effluent should be carried out.
Tertiary treatments -pharmaceutical removal
Filtration through powdered or granular activated carbon (PAC and GAC)
Filtration through PAC and GAC has undergone in-depth investigation by different European research groups. Figs. 4 and 5 report all the collected data. In all cases included in this study, PAC/GAC treatment followed an MBR fed only with hospital effluent. In the permeate DOC was in the range of 6-8 mg/L and TOC around 20 mg/L Nielsen et al., 2013) .
The adsorbent used in the Swiss research was PAC (McArdell et al., 2011) with a surface area of 1300 m 2 /g, a particle size d 50 15 μm and a zero surface charge point pH PZC equal to 8.8 (this last value represents the pH at which on the carbon surface there are as many positively as negatively charged functional groups; below this value the carbon surface is positively charged). In the PAC reactor, good mixing guaranteed a constant concentration of the adsorbent, its retention time was 2 d as a few differences were found with longer times. Good separation between loaded PAC and treated effluent was achieved by filtration through UF membrane flat sheets (pore size 0.04 μm) in the PILLS project plants PILLS Report, 2012) and through a 1 μm glass fibre filter in the Dutch research (Nielsen et al., 2013) . Nanofiltration opposed to ultrafiltration would certainly be convenient from a technical view point (improved PhC removal), but not from an economic one, as nanofiltration concentrate would require dedicated treatment due to the high concentrations of micropollutants. Another option could be pumping the loaded activated carbon from the PAC reactor to the MBR for recycling: a consistent improvement in the removal of contaminants could result. But neither of these processes were researched.
The investigated doses of PAC ranged between 8 and 23 mg/L in the Swiss and German research studies (PILLS Report, 2012) and between 150 and 450 mg/L in Dutch studies (Nielsen et al., 2013) . The former range, which is absolutely more sustainable from an economic view point, was defined on the basis of costs and reasonable removal rates for a wide spectrum of micropollutants (56 compounds), the latter was based on a Swedish study on the removal of micropollutants in aquatic environments (Walhberg et al., 2010) .
In the PAC filter effluent, DOC occurred at about 4-4.5 mg/L (PAC dose 8 mg/L), 2.7-3.7 (PAC dose 23 mg/L) and about 2 mg/L (PAC dose 43 mg/L).
Within the Swiss campaigns, at the applied PAC dose of 8 mg/L, 25 out of the 56 investigated pharmaceuticals were subjected to high removal efficiencies (N80%) whereas 10 compounds exhibited removal efficiencies below 20%; at the intermediate value of 23 mg/L a removal efficiency greater than 80% was observed for 36 compounds and less than 20% for only two contrast media (diatrizoate and ioxitalamic acid). When 43 mg/L of PAC was dosed, 38 compounds had high removal efficiencies (N 80%) and the same two contrast agents still had scant removal efficiencies (b20%).
A rapid glance at the results achieved within the Dutch research (Nielsen et al., 2013) shows that no significant differences were observed in the removal of the 30 selected pharmaceuticals by applying 150 mg/L or 450 mg/L of PAC.
A comparison between the Dutch campaign and the PILLS project, referring only to the 24 compounds monitored in all the cited studies, highlights that only for 5 PhCs a higher removal efficiency was achieved with the (extremely high) Dutch dosages. This occurred for the antibiotics sulfadiazine (40% vs. 78% at both high doses), sulfamethoxazole (62% vs. 71% and 99% at the two doses) and trimethoprim (83% vs. 99.9% at both doses), the contrast agent ifosfamide (60 vs. 96%), and the beta blocker atenolol (88 vs. 99%). Attempts to correlate the observed removal efficiency of PhCs by using PAC and their sorption potential expressed in terms of K ow or D ow (also accounting for acid-base speciation) were done by the Swiss research group (Kovalova et al., 2013; McArdell et al., 2011) . As regards neutral (i.e., not charged) compounds at pH 8.8 (namely carbamazepine, oxazepam, 4-acetamidoantipyrine, cyclophosphamide, iomeprol, iopamidol, iopromide, metronidazole, phenazone and primidone), it was found that the higher the D ow value, the higher the observed removal by sorption. On the contrary there is no agreement between experimental data and prediction from Log D ow of sorption removal for charged compounds.
These results confirm that removal mechanisms consist in nonspecific dispersive interactions and electrostatic interactions as well as between the charged adsorbent surface and ionic adsorbate. Moreover, not only Log D ow influences the behaviour of a pharmaceutical, but also its pK a , molecular size and aromaticity/aliphaticity potential as well as the presence of functional groups. As regards PAC, effective removal mechanisms depend on surface area, pore size and texture, surface chemistry (in particular functional groups and point of zero charge) and mineral matter content.
As a rule of thumb, adsorption is most effective for compounds which are uncharged and apolar.
An interesting analysis and discussion of the behaviour of many compounds is reported in Kovalova et al. (2013) and McArdell et al. (2011) .
A consistent improvement in the removal of contrast media may be achieved by recycling PAC to biological treatment as documented in the MicroPoll projects (Zwickenpflug et al., 2010) .
GAC filtration was investigated at the Netherlands research unit within the PILLS project (PILLS Report, 2012) and also in Austria where the oncological ward effluent in a hospital was subjected first to an MBR then to GAC treatment (Lenz et al., 2007b) . In the first case, the filter bed had a height of 3.0 m and an empty bed contact time of 51 min. It was fed by MBR permeate (TOC equal to 8.7 mg/L). After GAC filtration, all investigated pharmaceuticals were found below their detection limits. Also sulfamethoxazole, reluctant to PAC sorption, was removed by more than 96%. Unfortunately data referring to contrast agents were not collected.
In the second case, the GAC filter had a height of 36.7 cm, a cross surface of 19.6 cm 2 and a flow rate of 7.6 L/h. Antineoplastic compounds (the cancerostatic platinum compounds CPC cisplatin, carboplatin, oxaliplatin and 5-fluorouracil) were monitored in the GAC influent (corresponding to an MBR permeate) and effluent. Referring to total Pt content, it was observed that GAC contributed to a removal rate of about 50%. As discussed below, a combination of UV with GAC leads to a lesser removal rate of total Pt. This may be due to the fact that the photodegradation products of CPCs exhibit lower affinity to activated carbon than the parent compounds.
It is interesting to observe that with PAC and GAC no byproducts occur, with respect to all oxidation processes (ozonation and AOPs in general) where oxidation and photodegradation compounds are unavoidable and often they have ecotoxicological effects.
Ozonation
In ozonation investigations, the influent to each ozone reactor was always an MBR permeate Nielsen et al., 2013) , with a COD ranging from 12 to 30 mg/L, a DOC ranging from 6 to 11 mg/L, pH 8-8.5 and T 20-22°C (Kovalova et al., 2012) . Contact time within the ozone reactor was between 12 and 23 min and the applied dose of ozone was between 0.45 and 2 g O 3 /g DOC (PILLS project) and between 4.1 and 7.8 g O 3 /g TOC in the study by Nielsen et al. (2013) . Higher concentrations of ozone were not tested as they would lead to the formation of potentially toxic bromates, according to literature (von Gunten, 2003) .
As is clearly shown in Figs. 6 and 7, the higher the applied ozone dose, the greater the number of compounds with a removal efficiency N90%. At the lowest tested value of 0.45 g O 3 /g DOC (German unit within the PILLS project, PILLS Report, 2012), 3 out of the 11 investigated compounds were efficiently removed (namely diclofenac, sulfamethoxazole and erythromycin), the number increases to 26 out of the 48 selected compounds at 0.64 g O3/g DOC (Kovalova et al., 2013) , to 28 out of 49 at 0.89 and 29 out of 49 at 1.08 g O 3 /g DOC (Kovalova et al., 2013) . The classes of cytostatics and contrast agents were quite reluctant to removal by ozonation: the average removal efficiencies observed were always lower than those observed for other classes. At medium-high ozone doses, only some compounds of these two classes were removed by about 50-60%. This occurred to cyclophosphamide, ifosfamide, iopamidol and iopromide at doses of about 1.1 g O 3 /g DOC and 4.1-7.8 g O 3 /g TOC (Nielsen et al., 2013) . The most reluctant compounds to be removed by ozone were the contrast agents diatrizoate and ioxitalamic acid, the antibiotic metronidazole and the anthelmintic flubendazole whose average observed removal efficiencies were between 13 and 27%.
This treatment did not consistently decrease COD and DOC as ozonation does not eliminate (that is, mineralize) organic matter and micropollutants but rather transforms them into other more degradable compounds also measured as COD and DOC.
It is quite interesting to point out that ozonation seems to be a quite promising treatment for the abatement of most of the micropollutant load in hospital effluent. It is important to bear in mind one of the lessons learned by the PILLS project: based on a Swiss research referring to the top 100 administered pharmaceuticals in the investigated large hospital , a removal efficiency of 90% was observed for all the PhCs and metabolite load (ICM excluded) by ozone (1.08 g O 3 /g DOC, pH 8.5, T = 22°C). This removal reduces to 50% if contrast agents are included. This could lead to the consideration that sewage conveying radiological ward effluent could be separated and treated by a dedicated WWTP, so it could also be possible to recover iodium.
The main disadvantage in adopting ozonation, and more in general AOPs, is the formation of oxidation byproducts (like bromates) due to the matrix compounds (for instance bromides). As these products could have ecotoxicological effects, it is advisable to adopt a biological step (namely a sand filter or an MBBR) that will act as a barrier. In the Swiss research, the concentration of bromide in the permeate was 30-40 μg/L and after the addition of the highest dose of ozone (1.08 g O 3 /g DOC, corresponding to 7 mg O 3 /L), bromate was found at a concentration of 1 μg/L, well below the Swiss drinking water standard set at 10 μg/L.
Ozonation reactions were due to the very selective attack of ozone to specific functional moieties of organic substances and to the less selective attacks of hydroxyl radicals (HO · ), formed during ozone decomposition, to a wider spectrum of functional groups within the molecules. Ozone decomposition is favoured by the presence of hydroxyl ions (OH − ) at alkaline pH (pH N 9). The following rules of thumb could lead to a rough prediction of the efficacy of ozonation in removing different types of micropollutants resulting from studies on the kinetics of ozonation reactions and on the potential correlation between molecular structure (presence of Kovalova et al., 2013; Nielsen et al., 2013; Lenz et al., 2007b .
Table 4
Main operational parameters in the UV reactors included in this study. (i) olefin, phenol, aniline, thiophenol, thiol and tertiary amine exhibit a high reactivity with ozone, (ii) secondary amines, thioester and anisol an intermediate reactivity, (iii) primary amines and nitro group a slow reactivity and (iv) amides do not react with ozone.
Compounds with a high reactivity to ozone are already removed to a high extent at the lowest dose of 0.64 g O 3 /g DOC. For compounds with intermediate reactivity, such as benzotriazole and ritalinic acid, higher removal efficiencies were observed with higher ozone doses. Lowest removal efficiency was found in contrast agents without moieties.
UV radiation
Only a few investigations (within the PILLS project (PILLS Report, 2012) and at the oncologic ward in a hospital in Vienna (Lenz et al., 2007b) ) dealt with the ability and the contribution of an UV irradiation process in the removal of PhCs from (pretreated) hospital effluent: in each one, the UV reactor was always fed by an MBR permeate (DOC = 6-8 mg/L). The main characteristics of the tested equipment are reported in Table 4 ( the Luxembourg unit, low and medium pressure (LP, MP) UV lamps were used and for some runs, a polychromatic light was applied to the water stream. The collected data are reported in Figs. 8 and 9 referring to the lamp type and the applied fluence. Observed removal efficiencies for the investigated compounds were always less than 50% when the UV fluence of 800 J/m 2 was applied. At 2400 J/m 2 , 12 out of 31 PhCs were removed at more than 50% and with 7200 J/m 2 , 18 out of 31 compounds exceeded the 50% removal threshold. If the UV is irradiated at higher fluence values, removal increases (for instance at 29700 J/m 2 or 47250 J/m 2 ). When MP lamps were used, a polychromatic light was produced and all the seven investigated compounds were successfully removed. Figs , sotalol (95% with LP and 7200 J/m+) and the remaining X ray contrast media (iomeprol 90%, iopamidol, iopromide and ioxitalamic acid 92% with LP and 7200 J/m 2 ). This last result is quite interesting, as the UV process seems to be the most effective treatment to remove these from the wastewater.
The contribution of an UV process in the removal of antineoplastic compounds was found to be negligible. This was concluded by Lenz et al. (2007b) who monitored the cancerostatic platinum compounds (CPCs) cisplatin, carboplatin, oxaliplatin and 5-fluorouracil in the effluent of a hospital oncological ward. They found that oxidation of CPC by UV leads to a marginal reduction of total Pt as, even if the substances are transformed by oxidation, the total amount of Pt remains the same. As for cyclophosphamide, removal efficiency was found higher in the case of medium pressure UV lamps than in the case of LP lamps (58% vs. 3%).
It was observed that UV irradiation is a promising technology in the removal of X-ray contrast media. Very appreciable results were observed when a fluence of 7200 J/cm 2 was applied. At higher values the removal of different analgesics, antibiotics and beta-blockers increased (Kovalova et al., 2013) . Transmission of UV in water is strictly correlated to water turbidity. Very low turbidity is recommended in order to greatly reduce potential interferences with the water matrix. Excessive dosages of chemical oxidisers may act as a scavenger thus inhibiting contaminant destruction efficiency.
UV transmission is subject to decrease due to lamp fouling. To reduce lamp fouling, adequate pretreatments are necessary, insoluble oil and grease concentrations should be minimized and heavy metal ion concentration should be maintained at a concentration less than 10 mg/L.
Advanced oxidation processes (AOPs)
4.3.4.1. Removal of pharmaceuticals. Advanced oxidation processes include different technologies aiming to completely oxidize and/or destroy different kinds of organic pollutants in water and wastewater streams into H 2 O, CO 2 and mineral salts.
Each one is characterized by a variety of radical reactions due to highly reactive species (mainly hydroxyl radical HO•, but also superoxide radical anion O 2 − •, hydroperoxyl radicals HO 2 •, ROO − ), generated on site in different ways, involving combinations of chemical agents (namely ozone, hydrogen peroxide, transition metals, metal oxides) and auxiliary energy sources (namely UV irradiation, electronic current, y-radiation and ultrasound). This study includes combinations between O 3 and H 2 O 2 as chemical agents and UV irradiation as an energy source. HO• is the primary oxidant in AOPs and unlike many other radicals it is non-selective, it readily reacts with many organic pollutants occurring in the water, converting them into more hydrophilic compounds than the original ones.
A brief presentation of each, including the main reactions occurring during AOPs is reported in the Supplementary data, whereas below, the results obtained in the different investigations into AOPs applied to hospital effluents as polishing treatments are presented (Fig. 10) and discussed.
In the experimental setup tested in Switzerland within the PILLS project , the photocatalysis process UV/TiO 2 was compared to the UV process alone. This setup includes a reaction column containing four conical cartridges, consisting in a photocatalytic fibre (titanium-dispersed silica-based fibre with a sintered anatase-TiO 2 layer on the surface), around a low pressure UV lamp (254 nm, 220 V, 100-400 W overall energy consumption, 10 mW/cm 2 nominal fluence rate). To protect the fibre from particle contamination, two pre-filters with a mesh width of 25 and 5 m were installed. The elimination rate was evaluated after 1, 3 and 9 cycles with the photocatalytic chamber (UV/TiO 2 ) and with UV only. Removal obtained with one cycle was marginal.
Another interesting investigation was carried out by Vasconcelos et al. (2009) , aiming to compare the degradation of just ciprofloxacin in hospital effluent by ozonation, UV irradiation, UV/TiO 2 and O 3 /H 2 O 2 . As to TiO 2 /UV lab scale equipment was used and TiO 2 was added as a suspension (400 mg TiO 2 /700 mL) to the hospital effluent set at pH = 3 to enhance photocatalyst activity (see Supplementary data for process details). After the treatment, the samples were filtered through a 0.22 μm membrane to separate TiO 2 particles from the solution. Complete removal of ciprofloxacin was observed after 60 min within the photocatalytic reactor. The same result was obtained after 300 min in an UV reactor (equipped with a 125 W medium pressure mercury lamp).
UV/TiO 2 exhibited a better removal than UV only for a few compounds, in particular for 4-aminoantipyrine, 4-methylaminoantipyrine and sulfapyridine. In general the removal efficiencies increased by a factor of two for most of the compounds without a photocatalyst.
An increment in the cycles slightly improved the removal of contaminants. Only X-ray contrast agents achieved higher removal efficiencies than in the other post-treatments (20-70%). These results led to the consideration that direct phototransformation with UV dominated the micropollutant removal and indirect phototransformation due to the presence of the embedded TiO 2 did not occur.
Generally the removal efficiencies observed with TiO 2 /UV in 9 cycles were observed in only 3 cycles when using UV alone.
The lower removal efficiency observed by UV/TiO 2 might also be due to the fact that photocatalytic fibre could have adsorbed UV light and shaded part of the reaction chamber, thus the water could have been exposed to less UV irradiation.
An improvement in the removal of PhCs was observed when H 2 O 2 was added to the UV reactor. No consistent differences were found between a dosage of 0.56 g/L and 1.11 g/L (Kohler et al., 2012) . It was also found that the optimum light wavelength for the UV/H 2 O 2 system is 254 nm as it guarantees the lowest background absorbance of the investigated water and high H 2 O 2 absorbance resulting in an efficient generation of hydroxyl radicals. As a consequence, LP lamps are recommended as about 90% of their irradiated light is emitted at 254 nm, whereas MP lamps emit 254 nm light for 5-10% of the total emission.
The good results obtained with LP UV irradiation in AOPs lead to the consideration that for many PhCs, degradation processes are mainly due to chemical oxidation (between the molecule and the generated radicals) rather than to direct photolysis (Kohler et al., 2012) . Wilde et al. (2014) achieved promising results thanks to the degradation of a mixture of beta-blockers (atenolol, propranolol and metoprolol) in hospital effluent (pretreated in a septic tank followed by an anaerobic filter) by O 3 and Fe +2 /O 3 : they showed that, in 120 min, complete degradation of the parent compounds was observed but not their complete elimination. The degradation process was found strictly correlated to pH. Alkaline pH values promote the removal of metoprolol and propranolol, whereas acidic values enhance the removal of organic load (expressed as COD). The investigation also highlighted the risk of undesired byproducts due to ozonolysis with a more intense degree of recalcitrance with respect to their parent compounds. This lead to better investigated ecotoxicological characteristics of the polished effluent. A slight increment in the removal of micropollutants was observed by adding H 2 O 2 into the system. H 2 O 2 accelerates the decomposition of ozone and partially increases the amount of hydroxyl radicals. Two different application modes were tested within the PILLS project :
-addition of H 2 O 2 into the ozone reactor influent; -pre-ozonation of the MBR permeate with 1.2 g O 3 /g DOC, addition of 2.5 mg/L H 2 O 2 to half of the treated wastewater and both parts again treated with 0.7 g O 3 /g DOC.
Differences were observed of about ± 20% which were not considered significant because within experimental error, in agreement with data already published confirming that little improvement was found especially in water with relatively high DOC (Acero and von Gunten, 2001 ) and that hydroxyl radicals attack is less effective than O 3 attack.
A significant removal efficiency is observed if very high doses of ozone and H 2 O 2 are applied to the permeate as tested by Nielsen et al. (2013) In order to guarantee a clear, polished effluent, sometimes a "trap" step follows the AOP reactor. In this context, the effluent of a PAC reactor was filtered through UF membrane flat sheets (pore size 0.04 μm) (Switzerland, McArdell et al., 2011) . Moreover within the PILLS project units, a moving bed bioreactor (HRT = 0.3-1 d) was used following PAC, O 3 or TiO 2 /UV and a sand filter (filtration velocity v f b 12 m/h) was equipped after ozone or the PAC unit.
4.3.4.2. Removal of microorganisms. Disinfection efficiency is strictly correlated to the applied technologies. Table 5 reports the efficacy of 7 different treatments applied to a secondary hospital effluent (Machado et al., 2007) or a secondary hospital laundry effluent (Kist et al., 2008) carried out in Brazil:
The main influent characteristics to the disinfection step were: 25°C, pH = 9.5, upstream treatments: septic tank + anaerobic/aerobic treatment fed with hospital/laundry effluent. A dose of 12 mg O 3 /L was applied and equipped with a UV lamp with an emission at 254 and 365 nm, radiating an energy of 31.9 J/cm 2 . Catalyst fixation was obtained by preparing a suspension of TiO 2 in CHCl 3 (10% m/v) and by spreading it on a plate (2.96 mg TiO 2 /cm 2 ). The contact time was 60 min for each.
The best disinfection efficiency was observed for the combination UV/TiO 2 /O 3 , that also provides very good turbidity removal (from 234 to 36.5 NTU), surfactants (8.0 10 6 mg/L to b detection limit) and toxicity (EC 50 Daphnia magna from 65 to 100). A contact time of 10 min will result in a concentration of 330 MPN/100 mL and of 30 min of about 70 MPN/100 mL. The disinfection performance is due to damage of the microorganism's cell wall and cytoplasmatic membrane. Thus cell permeability increases allowing intracellular content to flow through the membrane leading to cell death. 4.3.5. Nanofiltration and reverse osmosis Nanofiltration (NF) and reverse osmosis (RO) processes are considered potential polishing treatments for hospital effluent, pretreated in an MBR from a technical view point. Residues of PhCs, still present in the permeate, may be retained due to molecular weight and size, sorption onto the membrane and also charge. Each membrane is characterized by a molecular weight cut off (MWCO) that represents the weight of those substances retained between 60 and 90%. Sorption is a potential removal mechanism for poorly soluble non-polar compounds, negatively charged compounds are rejected by NF/RO membranes due to electrostatic repulsion between the compounds and the negatively charged membrane surface (Kimura et al., 2004) . Moreover, water characteristics such as pH, ionic strength, hardness, organic matter and membrane biofouling also have an influence on solute rejection.
In the study by Beier et al. (2010) the permeate of an MBR (COD b 30 mg/L, 5-10 mg N/L) equipped with microfiltration membranes was then subjected to NF and RO processes, characterized by a MWCO of 300-400 Da and 100-150 Da, respectively. It was found that RO exhibited a higher removal for all selected PhCs with respect to NF. However, RO presents major disadvantages due to the limited yield and the retentates that have to be properly disposed of. However, no suitable prediction model has been developed up to now as the rejection of the different micropollutants in NF/RO processes is specific for each membrane (Siegrest and Joss, 2012) .
Chlorination
Only a few data are available regarding the removal efficiency of PhCs observed after a final chlorination. These are reported in Fig. 11 and refer to the investigation carried out by Nielsen et al. (2013) . The added amount of ClO 2 was 60 mg/L in each run, and two different contact times were adopted: 15 min and 60 min. Ciprofloxacin showed higher concentrations in the effluent rather than in the influent to the treatment. In addition, chlorination seems to be able to remove diclofenac: in the study by Nielsen et al. (2013) , its concentration in the influent (MBR permeate) was quite low (b 5 ng/L) and in the effluent it was 1 ng/L (15 min as contact time). But it was found that under lab scale controlled chlorination with surface water, diclofenac exhibited a large degree of reactivity and its final concentration was below detection limit (Westerhoff et al., 2005) .
Disinfection performance
In some countries disinfection is mandatory for the effluent generated in infectious disease wards or in health care specialized in infectious diseases (Nardi et al., 1995; Emmanuel et al., 2004) . Faecal and total coliforms were found in the ranges 10 2 -10 4 MPN/100 mL and 10 4 -10 6 MPN/100 mL respectively (Table 1) . These values are lower than those usually found in raw urban wastewater (Verlicchi et al., 2012a) , probably due to the antimicrobial activity of antibiotic and disinfectant residues present in the infectious disease ward effluent. At a dosage of 10 mg/L of ClO 2 and a contact time of 30 min faecal and total coliforms drop to less than 12,000 and 20,000 MPN/100 mL and a complete removal of viruses was always observed (Nardi et al., 1995) .
Predisinfection of raw hospital effluent is still an issue of great concern: based on a theoretical hypothesis, Korzeniewska et al. (2013) recommend a preliminary disinfection of the hospital effluent before its immission into public sewage in order to minimize the spread of antibiotic resistant bacteria, on the other hand, research by Emmanuel et al. (2004) found that disinfection by means of NaOCl of the effluent from infectious and tropical disease departments can reduce the content of microorganisms, but at the same time it has toxic effects on aquatic organisms.
In many countries, including China, direct chlorination or primary treatment followed by chlorination represents the most widely used methods to treat and, in particular, disinfect hospital effluent in order to prevent the spread of pathogenic microorganisms (Liu et al., 2010) . Despite the fact that chlorine disinfection has a broad spectrum of activities against bacteria, virus and fungi and it is simple to use, it may produce toxic byproducts, its performance depends on the water quality and only a low removal efficiency is achieved for viruses as they have a greater tolerability against chlorine compounds than bacteria. As a consequence, a high excess of disinfectant is generally applied to guarantee a (rough) disinfection of the hospital effluent, but inevitably extremely high concentrations of residual chloride (as high as 100-130 mg/L) will occur, resulting in serious pollution problems to the receiving aquatic environment, as remarked by Emmanuel et al. (2004) who investigated the effect of the addition of NaClO to hospital effluent: it can greatly reduce bacteria population, but it has toxic effects on aquatic organisms.
In China, to avoid an excessive use of chlorine, the removal of different types of microorganisms from hospital effluent is dealt with by means of an MBR, mostly employing submerged membranes (pore size about 0.2-0.4 μm), followed by a chlorination step with a dosage of NaClO of 1-2 mg/L as free chlorine with a contact time of 1.5 min. Since 2000, many plants based on membrane technologies have been built for the treatment of hospital effluent, with a capacity ranging between 20 and 2000 m 3 /d, in compliance with the severe limits of 50 PFU/100 mL such as E. coli (Liu et al., 2010) . While a (UF) MBR followed by a specific disinfection step may be considered a viable option for the removal of a wide group of bacteria occurring in hospital effluent, studies into their performance in reducing pathogenic viruses are still scarce. The removal of viruses in an MBR is substantially due to three mechanisms: virus rejection depending on the cake generating on the membrane surface, viral inactivation of the biomass, and adsorption onto the surface of suspended solids which makes these microorganisms more stable.
In a Brazilian investigation (Prado et al., 2011 ) the removal of some enteric viruses (rotavirus A, human adenovirus, norovirus genogroups I and II and hepatitis A viruses) was compared in two different treatment trains: an anaerobic one including a UASB followed by three anaerobic filters and an aerobic one consisting of a conventional activated sludge process followed by chlorination. It was found that both systems are not suited to their removal. Their frequencies of detection and quantification results varied according to the virus type and effluents coming from different health care structures.
An MBR, equipped with ultrafiltration membranes, is able to remove groups of bacteria as reported above mainly due to membrane retention, reducing the spread of multiple antibiotic resistant strains, usually occurring in hospital effluent. But specific disinfection is advisable, in order to avoid regrowth of (survival) bacteria as discussed in . For inactivation of pathogens and possible removal of antibiotic resistant bacteria, UV and ozonation are more efficient with respect to PAC and GAC. In wastewater disinfection, the fluence to apply depends on the required microorganism limits (Verlicchi et al., 2011) . For instance 100 J/m 2 is applied if the aim is to guarantee 1000 MPN/100 mL of total coliforms, 750-850 J/m 2 if a concentration of 23 MPN/100 mL of total coliform has to be guaranteed and finally a fluence greater than 1000 J/m 2 if the residual concentration of total coliform is b2.2 MPN/ 100 mL, thus allowing an unrestricted irrigation of the disinfected effluent (Crites and Tchobanoglous, 1998) . To inactivate specific microorganisms, oocysts or viruses, the requested fluence could be higher. To inactivate 3 log of Adenovirus type 40, a fluence of 1670 J/m 2 is required, whereas to inactivate up to 3 log of Cryptosporidium and Giardiasis, a fluence of 120 J/m is required (Hijnen et al., 2006) . These considerations lead to the consideration that when ozonation, UV, AOPs in general are applied to hospital effluent to remove recalcitrant compounds, at the same time it is disinfected to a very high degree. But in order to guarantee safe reuse of the disinfected effluent for unrestricted irrigation, a higher fluence is required (as well as further studies into the ecotoxicologic characteristics of the water).
Comparison between the different treatments
A comparison of the performance of the different analyzed secondary and tertiary dedicated treatments for HWW is depicted in Fig. 12 in terms of number of investigated compounds and the number of compounds exhibiting a removal efficiency greater than 80%. It is based on all the data collected about PhCs in the peer reviewed papers included in this manuscript. What clearly emerges is that the most investigated technologies are MBR, PAC, ozonation and UV. The best results were performed by MBR (secondary step) and PAC (tertiary step).
Moreover Table SD -3 in the Supplementary data compiles compounds that exhibited a removal efficiency greater than 80% during secondary and tertiary treatments, with the corresponding references.
An in-depth analysis of the comparison of pairs of treatment is performed in Kovalova et al. (2013) with respect to the different classes of PhCs. They found that iodinated contrast media were better removed by MBR + UV (66% of the total influent load), all the selected PhCs except iodinated contrast media by MBR + PAC or MBR + UV (99%).
Lessons learned from these campaigns led to consider 1.08 g O 3 /g DOC, 23 mg/L PAC and 2400 J/m 2 UV the values that best satisfy the two following choice criteria: relatively good abatement for most micropollutants and reasonable running costs (Kovalova et al., 2013) . Table 6 reports a rough estimation of the global removal of the different kinds of classes with respect to different technologies, based on all the collected data.
It is important to observe that the choice of the best technologies for treatment of hospital effluent should not necessarily lead to the complete removal of specific parent compounds, but to the removal of the estrogenic activity of the effluent itself, or more generally, a reduction in its ecotoxicological effects.
Bearing this concept in mind, processes including TiO 2 photocatalysis seem to be promising technologies as they are able to remove estrogenic activity of 17-β-estradiol (Byrne et al., 1998) and 17-α-ethinylestradiol (Coleman et al., 2000) . AOPs seem to be the most promising technologies as they can be effective in removing compounds not affected by other technologies as discussed above, reactions are generally fast, resulting in more compact reactors, finally (no or) low chemical doses are required leading to (no or) lower residuals, but they may have undesirable drawbacks, namely: unselective hydroxyl radicals, production of more hydrophiles and more difficult to treat byproducts than the original ones; as have been clearly listed by Suty et al. (2004) .
The spread of disease due to pathogens and of specific strains of antibiotic resistant bacteria can be countered by a disinfection step (Korzeniewska et al., 2013) . Some laws and regulations (including the Italian Deliberation by the Inter-ministerial Committee dated 4 February 1977) require treatment of the effluent from health care structures, blood analysis laboratories, and in particular, for the effluent from infectious disease wards. As an example, the effluent produced by the very large laboratory for blood analysis in Pievesestina (Cesena, North Italy, effluent flow-rate about 10 3 m 3 /year) is subjected to ozonation and filtration through activated carbon prior to being immitted into the public sewage system and is then co-treated at the municipal WWTP. Alternatively, the addition of 10 mg/L of ClO 2 and a contact time of 30 min guarantee an efficient removal of faecal and total coliforms, with a negligible increment of AOX (Nardi et al., 1995) . This increment is consistent if the applied disinfectant is NaClO (Emmanuel et al., 2004) .
Due to the different nature of pollutants that may be present in hospital effluent (residues of PhCs, their metabolites, disinfectants and antiseptics, heavy metals, radio-elements, pathogens), the risk posed by this effluent may be toxic, radioactive and infectious.
Proper management of hospital effluent has to be considered and must include measures to mitigate the consequences at a WWTP level as well as towards the environment.
Removal efficiencies vs. physical-chemical properties of investigated compounds
Many studies were developed in order to investigate potential correlations between observed pharmaceutical removal efficiencies achieved by the different wastewater treatments and pharmaceutical molecular properties (among them Cunningham, 2008; Joss et al., 2006; Rogers, 1996; Tadkaew et al., 2011) . They underlined that it is always very difficult to find reliable correlations, because many factors (i.e., operational and environmental conditions) affect removal mechanisms of such complex molecules thus a wide range of variability is generally observed for the removal of a specific compound during a treatment. Studies referring to UWW led to rules of thumb that try to correlate the behaviour of a specific molecule on the basis of its properties: k biol , K d , K ow and pK a , as discussed and reported in Tadkaew et al. (2011) and Verlicchi et al. (2013) . Lessons learned from UWW may be also useful in making a rough prediction of efficacy of specific treatments in HWW managing.
Moreover attempts to correlate the behaviour of common parameters, such as COD or SS, and specific pharmaceuticals during hospital wastewater treatment were carried out, but unfortunately they did not suggest any reliable relationship (Emmanuel et al., 2004; Vasconcelos et al., 2009; Wilde et al., 2014) .
Hospital effluent toxicity and environmental risk assessment
Interesting and useful research has been accomplished dealing with hospital effluent toxicity and assessment of the environmental risk posed by pharmaceutical residues in treated hospital effluent (Boillot et al., 2008; Perrodin et al., 2013; Emmanuel et al., 2004) . This is quite a complex problem and is beyond the aim of this manuscript, but some lessons learned from published studies are discussed herein to point out concerns that merit further research.
It is well known that hospital effluent is 5-15 more toxic than urban wastewater due to the high concentrations of detergent and disinfectants, often containing chlorine or aldehydes (such as sodium hypochlorite and glutaraldehyde), iodinated contrast media that lead to the generation of AOX in the drainage network, heavy metals (namely silver used in radiology departments), radio-elements injected or administered in nuclear medicine studies and completely excreted in urine and PhC residues. That being said, hospital effluent can inhibit the activity of the biomass in the aeration tank of a sewage facility by 7-8% as documented in Boillot et al. (2008) and Panouillères et al. (2007) .
Investigations are often based on Microtox and acute D. magna tests (Emmanuel et al., 2004; Boillot et al., 2008) , but also to batteries including different kinds of test (Perrodin et al., 2013) .
Lessons learned from these studies suggest that different pollutants may induce or contribute to toxicity: namely free chlorine, AOX (Emmanuel et al., 2004) , ethanol, propanol and metals including Zn, Cu, As and Pb (Boillot et al., 2008) .
Environmental risk assessment of hospital wastewater is generally based on the risk quotient RQ, defined as the ratio between PhC concentration in the effluent and its predicted non-effect concentration (PNEC). According to the classification that was adopted in many studies (Straub, 2002; Verlicchi et al., 2012a; Santos et al., 2013 ) the risk is classified high if RQ ≥ 1, medium if 1 b RQ b 0.1 and low if RQ ≤ 0.1.
Based on measured effluent concentrations Verlicchi et al. (2012a) and Santos et al. (2013) found that in raw hospital effluent a high risk is posed by azithromycin, clarithromycin, erythromycin, ofloxacin, sulfamethoxazole, metronidazole fluoxetine, ibuprofen, acetaminophen and iopromide. This fact pinpoints that adequate treatment is necessary for hospital wastewater to reduce its negative effect on the environment. Bearing this in mind, the frameworks provided by Al Aukidy et al. 
Antibiotic resistance bacteria
Another source of risk in hospital effluent is correlated to the occurrence of antibiotics and consists in the potential development and release of antibiotic-resistant bacteria (ARB) and genes (ARG). The PILLS project pinpoints that the risk of the spread of resistance to specific antibiotic molecules is higher in hospital effluent than in urban WW. The efficiency of advanced biological and chemical processes varies in the range of 1-5 log units. Ultrafiltration MBRs guarantee a consistent reduction of this risk, whereas a following step including ozonation, sand or PAC filtration does not contribute to further reduction.
Costs
A summary of the investment and operational and maintenance (O&M) costs for the different scenarios is reported in Table 7 referring to economic evaluations carried out in the cited studies in a design step. Unfortunately they are not homogeneous and not always investment and operational and maintenance data are available. The investments are amortized over 10 or 15 years depending on the investigations. Table 7 just offers a rapid comparison of the different technologies and of the order of magnitude of the different treatment trains.
Many considerations may arise from these reported values. For example, it emerged from previous discussion of collected removal data of PhCs that activated carbon seems a promising technology in reducing their occurrence in the final effluent. But activated carbon requires expensive maintenance operations in order to guarantee proper performance. In this context, investment cost for an activated carbon filter is lower than that of another AOP treatment, but if DOC levels in the stream fed to the carbon filter are above 10 mg/L, carbon treatment could become uncompetitive against AOPs, due to frequent change out, regeneration and disposal of the exhausted carbon. Moreover, GAC and PAC do not destroy microcontaminants, but they allow their transfer from a liquid phase to a solid one. Operational costs should also include costs of final disposal of GAC and PAC.
To have an idea of the potential cost of dedicated treatment of hospital effluent, total costs range between 4.1 €/m 3 and 5.5 €/m 3 in case of secondary treatment by means of an MBR and polishing AOPs with the exception of Kovalova et al. (2013) that reported lower total costs ranging around 2.4-2.7 €/m 3 . These differences were not commented by the two research groups within the PILLS projects.
7. Current strategies and future perspectives in the treatment of hospital effluent -conclusions Management and treatment of hospital effluent greatly vary in different countries. In developed ones they may be completely absent, meaning that HWW is directly discharged into a surface water body or they consist in simple chlorination, or primary clarification followed by a chlorination or primary and secondary treatments followed by chemical disinfection (Prayitno et al., 2014) .
Various research projects have been carried out in these countries, aiming to evaluate the suitability of some (simple) treatment trains for hospital effluent. They generally refer to a discussion of the observed removal efficiencies of conventional contaminants and microorganisms, and the possibilities to directly re-use this reclaimed water for irrigation purposes as they have to face problems arising from water shortage (among them Chitnis et al., 2004; Shrestha et al., 2001; Beyene and Redaie, 2011; Abd El-Gawad and Aly, 2011) . Suggestions to improve the adopted treatment are also provided with a view to their applicability in terms of land requirement, footprint, costs, installation, operation and maintenance. Some case studies are reported herein. Direct reuse of reclaimed water should be evaluated, including the risk posed by persistent emerging contaminants and their (acute and chronic) effects on the environment and human health.
In European countries efforts are made to improve removal of these persistent compounds by means of end-of pipe treatments and in this context, AOP technologies are the most researched ones. Studies generally refer to occurrence and removal of a consistent number of PhCs, as well as ecotoxicological evaluation by means of the risk quotient ratio, i.e., the ratio between maximum measured concentrations and predicted no-effect concentration (Verlicchi et al., 2012a; Escher et al., 2011) . Different full scale WWTPs have already been constructed for the dedicated treatment of hospital effluent. Each one consists in preliminary treatment, MBR (Beier et al., 2011) , MBR followed by ozonation and UV (Verlicchi et al., 2010) , ozonation and PAC (PILLS Report, 2012) and ozonation and GAC (Pharmafilter report, 2013; Grundfos Biobooster, 2012 ).
An interesting approach has been adopted in France to manage and treat the effluent of the Centre Hospitalier Alpes Léman in Annemasse. Thanks to dedicated piping, the HWW is conveyed to the near municipal WWTP where it is treated in a specific line and subjected to continuous monitoring to improve the removal of persistent compounds. This was a decision taken by the local authorities who have even drawn up a specific law for this site (Sipibel Report, 2014) .
The best option in the management and treatment of hospital effluent is strictly correlated to hospital size and catchment area dimension and must be defined on the basis of a technical and economical feasibility study that would focus on the most appropriate measures able to reduce the (macro and micro) pollutant load discharged into the surface water environment. Dedicated treatments for hospital effluent are recommended by many authors worldwide, segregation and special treatment seem adequate for specific effluent including effluent generated in radiology wards, containing ICMs, the most recalcitrant compounds, at extremely high concentrations, but also for the effluent from laundries, oncological wards and clinical analysis laboratories, as in the case of the large and centralized Italian lab services discussed above. In any case, dilution with surface water should not represent the proper action to Table 7 Investment and O&M costs for hospital effluent treatment by different technologies. Author mitigate potential adverse negative effects of PhC residues in the environment. A final remark is suggested by studies promoting the implementation of energy-intensive systems with indirect solar energy by aggregating photovoltaic cells for the generation of electrical energy. This may result in energy storage and in a balanced use of energy during periods in which light incidence is lower.
Appendix A. Supplementary data
The Supplementary data includes figures and tables referring to: worldwide distribution of all treatment trains and technologies, investigated in lab, pilot and full scale plants, included in this study together with the corresponding reference; list of pharmaceuticals included in this study; reactions involved in AOPs processes, list of compounds exhibiting a removal higher than 80% in secondary and tertiary treatment steps, according to studies examined in this review study. Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.scitotenv.2015.02.020.
